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(57) ABSTRACT

The method for doping a GaN-base semiconductor to fab-
ricate a p-n junction includes a first step consisting in
providing a substrate including a GaN-base semiconductor
material layer covered by a silicon-base mask. The method
includes a second step of performing implantation of 1mpu-
rities 1n the mask so as to transfer additional dopant impu-
rities of S1 type by diflusion from the mask to the semicon-

ductor material layer to form an n-type area adjacent to a
p-type area. Configured heat treatment 1s then performed to
activate the dopant impurities and the additional dopant
impurities.
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METHOD FOR DOPING A GAN-BASE
SEMICONDUCTOR

BACKGROUND OF THE INVENTION

The invention relates to method for performing ion

implantation and activation of dopant impurities 1n a GalN-
base semiconductor.

STATE OF THE ART

Ion implantation 1s commonly used to dope semiconduc-
tors. To fabricate p-n junctions, masks are generally used to
select the areas of the semiconductor that have to be
implanted and the areas to be protected. The implantation
step 1s then performed using ions generally produced from
a gaseous or solid source (source used for Mg for example),
which impact the semiconductor after they have been accel-
crated, for example, with an energy comprised between 10

and 500 keV.

The nature of the implanted 1ons 1s chosen according to
the type of doping that 1s desired to be obtained. Mg™ 1ons
are for example used to perform p-doping (excess holes) 1n
(GaN-base semiconductors, whereas Si™ 1ons are often used
to perform n-doping (excess electrons) of the same type of
semiconductor. The semiconductor then undergoes heat
treatment 1n order to activate the dopant impurities more or
less efliciently.

The document “Implanted p-n junctions 1 GaN” (X. A.
Cao et al., Solid-state Flectronics, 43 (1999) 1235-1238)
describes a method for performing implantation of Si* 1ons
in a GaN semiconductor doped by Mg™ 1ons 1n order to
obtain a n*/p-doped semiconductor. Here the Si* ions are
implanted 1n areas selected by means of a mask deposited on
the semiconductor. The mask 1s removed after implantation,
and a layer of AIN 1s then deposited by cathode sputtering
on the semiconductor 1n order to protect the latter when heat
treatment 1s performed for activation of the dopants.

The document “Experimental and numerical investigation
of the electrical characteristics of vertical n-p junction
diodes created by S1 implantation into p-GalN” (A. Baharin,
Institute of Flectrical and Flectronics Engineers, 978-1-
4244-2°717-8/08, (2008)) describes a fabrication method of
vertical p-n junctions from GaN semiconductors p/p*-doped
by means of type Mg™ ions. Here, Si™ ions are implanted by
means ol 1on beams of different energies to control the
implantation depth in the semiconductor.

OBJECT OF THE INVENTION

One object of the invention 1s to provide an alternative to
the methods of the prior art 1n order to dope a semiconduc-
tor, 1n particular for the purpose of fabricating p-n junctions.
This problem tends to be solved by means of a method
which comprises the following steps:
providing a substrate comprising a GalN-base semicon-
ductor matenal layer covered by a silicon-base mask,

implanting impurities 1in the mask so as to transier dopant
impurities of S1 type by diffusion from the mask to the
(GaN-base semiconductor material layer to form an
n-type area adjacent to a p-type area,

performing thermal annealing configured to activate the

dopant impurities and the additional dopant impurities.

According to one feature of the invention, the mask can
partially cover the substrate so as to define an area covered
by the mask and an uncovered area.
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Implantation can be pertormed with p-type dopants, and
theirr mean 1mplantation depth can be situated in the mask.
It can be arranged at a distance at least equal to 300 nm from
the interface so as to incorporate additional dopant impuri-
ties 1n the semiconductor material layer.

The method can also comprise a deposition step of a
protective cap layer performed before the thermal annealing
step. The matenial of the cap layer can be chosen from
silicon oxide, or silicon nitride of 51 N, type, amorphous
silicon, and compounds of HiS1,0, type, and pretferably
from aluminium oxide and aluminium nitride.

Deposition of the cap layer i1s performed before the heat
treatment step, and can for example be performed after the
implantation step of the dopant impurities and of the addi-
tional dopant impurities, directly on the mask, or after the
latter has been removed. In alternative manner, 1t can be
envisaged to deposit the cap layer before implantation of the
dopant impurities 1 the case where the cap layer 1s not
silicon-base. After the heat treatment, the cap layer can
advantageously be removed.

In preferred manner, the implantation step can be per-
formed at a temperature comprised between 15 and 700° C.,
preferably between 450 and 600° C.

Furthermore, the heat treatment step can advantageously
comprise a combination of at least two anneals of different

durations and temperatures. At least one of the anneals can
furthermore be performed at a temperature of more than
1000° C.

As far as the mask 1s concerned, the latter can advanta-
geously have a thickness comprised between 2 and 400 nm.
The thickness of the semiconductor material layer can for 1ts
part be comprised between 5 nm and 10 um, preferentially
between 500 nm and 10 um, and ideally equal to 1 um.

BRIEF DESCRIPTION OF THE DRAWINGS

Other advantages and features will become more clearly
apparent from the following description of particular
embodiments of the invention given for non-restrictive
example purposes only and represented in the appended
drawings, in which

FIGS. 1 to 10 illustrate 1n schematic manner an 1mple-

mentation mode ol the method for doping a GalN-base
semiconductor.

DETAILED DESCRIPTION

According to a first embodiment of the doping method
represented 1n FIGS. 1 to 10, 1t 1s first of all necessary to
provide a substrate 1 such as the one represented 1n FIG. 1.
The latter comprises a support 1a for example made from
silicon or from sapphire, Al,O;, S1C, and a GaN-base
semiconductor material layer 1. As an alternative, substrate
1 can be made from bulk GaN.

When substrate 1 1s a bulk GaN block, 1t 1s possible to
cover the back surface with cap layers advantageously
identical to those deposited on substrate 1 on the front
surface and which will be described in the following. The
front surface of substrate 1 1s defined here as being the
surface impacted by the beam of dopant impurities, and the
back surface as being the surface opposite the front surface.

Fabrication of substrate 1 advantageously comprises a
first cleaning step of support 1a, such as for example RCA
cleaning 11 support 1a 1s made from silicon. Semiconductor
material layer 15 1s then fabricated by epitaxial growth
directly on support 1a. The material of support 1a has to be
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chosen carefully to have similar lattice parameters to those
ol semiconductor material layer 15 1 order for the latter to
grow 1n coherent manner.

To improve the quality of semiconductor material layer
15, an AlGaN-base intermediate layer with a thickness of at
least 1 um may be deposited on support 1a before epitaxial
growth of layer 16 (embodiment not represented). For
example, for a support 1a made from sapphire, GaN-base
semiconductor material layer 15 can be deposited directly on
support 1a if the latter 1s made from sapphire. On the other
hand, 11 the support 1s made from silicon, 1t 1s judicious to
deposit an AlGaN-base buller layer.

When fabrication of semiconductor material layer 15 has
been terminated, the latter can advantageously have a thick-
ness comprised between 5 nm and 10 um, preferentially
between 500 nm and 10 um, ideally equal to 1 um.

According to an advantageous embodiment, GaN-base
semiconductor material 15 1s not 1mmitially doped or i1s not
intentionally mitially doped. This makes 1t possible to simul-
taneously perform a p-doping and an n-doping during the
ion 1implantation step, as will be seen further on, and to form
a layer 15 able to form complementary circuits with devices
using excess electrons and devices using excess holes.

In alternative manner, 1t 1s possible to use a p-doped
semiconductor material layer 15. In this embodiment, dop-
ant 1mpurities 2 can for example be Mg+ 1ons, nserted
directly when epitaxial growth 1s performed (ci. FIG. 1).

In the second step of the embodiment, a mask 3 config-
ured to totally or partially cover the surface of semiconduc-
tor material layer 15 1s fabricated. This step of the method
as represented 1 FIG. 2. As illustrated, mask 3 can partially
cover substrate 1 so as to define a covered area and an
uncovered area. This mask 3 can for example be made by
photolithography or electromic lithography. Its thickness 1s
advantageously comprised between 2 and 400 nm.

The material of mask 3 1s silicon-base, preferentially
silicon oxide and/or silicon nitride, amorphous silicon, or
H1iS10,. It therefore comprises S1 atoms able to diffuse into
substrate 1 when they are provided with the necessary
energy. This property enables S1 atoms to be implanted 1n
semiconductor material 15 thereby enabling a local n-doping
to be achieved.

In a third step of the embodiment, implantation of dopants
2 applied on mask 3 and on the uncovered area of substrate
1 1s performed (ci. FIG. 3). Dopants 2 can be p-type, for
example Mg™ 10ns, n-type such as for example S1™ 10ns, or
non electrically active dopants such as N™ 1ons. The presence
of mask 3 prevents any damage to semiconductor material
layer 16 when implantation of dopants 2 1s performed.

In conventional manner, the implantation conditions are
imposed both by the technical performances of the implan-
tation equipment and by the concentration and location of
dopant impurities 2 to be implanted 1n semiconductor mate-
rial layer 1b.

For example, for a Mg™ 1on beam having a fluence of
2.10" atoms/cm” and an energy of 200 keV, dopant impu-
rities 2 can be implanted 1n a GaN layer up to a depth of
about 400 nm with a concentration peak estimated at 160-
180 nm. This depth 1s also called mean implantation depth
or R

The implantation energy of dopants 2 can be chosen so
that, 1n the areas covered by mask 3, the mean implantation
depth R, 1s located: (1) in mask 3 close to the interface with
semiconductor material layer 15, or (1) in semiconductor
material layer 15 close to the iterface with mask 3, or (111)
in depth 1 semiconductor material layer 1.
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Whatever the implantation energy that 1s chosen, the latter
1s suilicient for the implanted dopants 2 to provide the
necessary energy to the S1 atoms present in mask 3 to diffuse
into semiconductor material layer 1b.

When dopants 2 are p-type dopants, the areas that are not
covered by mask 3 are directly p-doped, whereas 1n the areas
covered by the mask, the p-type dopants provide the Si
atoms with the necessary energy for the latter to diffuse. On
completion of ion mmplantation, semiconductor material
layer 15 comprises uncovered areas containing p-type dop-
ant 1mpurities 2, and covered areas contaiming both p-type
dopant impurities 2 and additional n-type dopant impurities
4, the residual doping i this area finally being an n-type
doping (ci. FIG. 4).

In the case of p-type dopants 2, it may be advantageous
to choose the implantation energy such that the mean
implantation depth is located at the interface between mask
3 and semiconductor material layer 15, or 1n close proximity
to this interface, either in mask 3 or 1in semiconductor
material layer 1b. After implantation, the p-type dopant
impurities 2 and additional n-type dopant impurities 4 are
then located in the area called active area of semiconductor
15, 1.e. the depth used for example for fabricating junctions
or transistors. The active area of semiconductor 15 extends
for example up to a depth of 100 or 300 nm.

Performing an S1 implantation through mask 3 presents
the advantage of causing less damage to the surface of
semiconductor material layer 15 in comparison with a
conventional S1 implantation.

When the maximum implantation 1s located in mask 3 or
at the mterface between mask 3 and semiconductor layer 15,
the energy provided by dopants 2 i1s suflicient to enable
incorporation of the S1 atoms from mask 3 to the active area
of semiconductor material 15. When the maximum 1mplan-
tation 1s located in depth 1n semiconductor layer 15, the
energy provided by the n-type dopants enables the S1 atoms
to diffuse into layer 15 1n a deeper area.

Performing implantation of non electrically active dop-
ants can be useful to fabricate a semiconductor material
layer 156 that 1s n-doped 1n the areas of semiconductor 15
covered by mask 3, and not doped elsewhere. As for n-type
or p-type implantations, the implantation energy 1s chosen
such as to enable diffusion of S1 atoms more or less 1n depth
in semiconductor matrix 15. The use of non electrically
active dopants can give rise to repair of vacancies created by
diffusion of the S1 atoms or already present 1n semiconductor
material layer 1b.

According to one feature of the invention, 1t may be
advantageous to control the temperature at which 1on
implantation 1s performed. In preferred manner, this implan-
tation can be executed at a temperature comprised in a range
between 15° C. and 700° C., advantageously between 200°
C. and 600° C., and 1n preferred manner between 450° C.
and 600° C. For this, a system enabling the back surface of
support 1a to be heated, for example of Peltier effect module
type, can advantageously be used.

Performing heating of the substrate during the 1on implan-
tation step enables both a better diffusion of the dopants in
semiconductor material layer 15 and a better diffusion of the
S1 atoms from mask 3 to semiconductor material layer 1.

According to a particular implementation of the method
(not represented), mask 3 can be removed (take-ofl) after the
ion 1mplantation step before heat treatment of substrate 1 1s
performed. Take-ofl can for example be performed by wet
ctching by means of hydrofluoric acid (HF) 1f the mask 1s
made from S10, or phosphoric acid (H,PO, ) i1 the mask 1s
made from SiN, or AIN.
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Advantageously, to activate dopant impurities 2 and addi-
tional dopant impurities 4, substrate 1 can be annealed at
high temperature, for example more than 1000° C. However,
above a temperature of about 830° C., semiconductor mate-
rial layer 156 1s considerably impaired and a part of the
nitrogen evaporates.

It 1s therefore advantageous to perform a deposition step
of a cap layer 5 after the implantation step of dopant
impurities 2 and of additional dopant impurities 4, and
betore performing the heat treatment. Cap layer 5 serves the
purpose of greatly limiting damage of the surface of semi-

conductor layer 1b. This step of the method 1s represented 1n
FIG. §.

The material of cap layer 5 can be chosen from aluminium
oxide, aluminium nitride, silicon nitride ot S1,N,, type for
silicon oxide, or compounds of HiS1,0,, type. The material
of cap layer 5 1s preferably aluminium mitride.

Deposition can for example be a Metalorganic Chemical
Vapor Deposition (MOCVD) performed 1n 1dentical equip-
ment to that which was used for epitaxial growth of semi-
conductor material layer 15. Deposition can also be per-
formed by Low Pressure Chemical Vapor Deposition
(LPCVD).

Depositing a cap layer 5 made from alumimium nitride
AIN can be judicious as the lattice parameters of this
material are very close to those of the gallium mitride-base
semiconductor material, which enhances the adherence of
cap layer 5 on substrate 1. It 1s also possible to replace the
AIN by AlGaN, or by a stack of AIN and AlGaN layers. In
this case, the AlGaN layer can comprise up to 50% of Ga,
advantageously up to 20% of Ga, and preferably less than
3% of Ga.

According to a preferred embodiment, cap layer 5 can
have a thickness comprised between 1 and 200 nm, and
more precisely between 1 and 100 nm. This thickness 1s
suflicient to create an eflicient barrier 1n order to prevent
evaporation’s of the mitrogen molecules from semiconductor
material layer 15 when heat treatment 1s performed.

The heat treatment step schematically illustrated 1n FIG.
6 can comprise Rapid Thermal Annealing or Rapid Thermal
Processing (RTP) for the activation ratio of dopant impuri-
ties 2 and of additional dopant impurities 4 to be high
without the surface of semiconductor layer 15 being dam-
aged.

Standard Furnace Annealing can also be performed to
enable an ethcient diffusion of dopant impurities 2 and of
additional dopant impurities 4 into semiconductor layer 156
in substitutional position.

When performing the heat treatment step, it 1s therefore
possible to perform a standard annealing, rapid annealing, or
any combination of rapid and standard annealings depending
on the result that 1s desired to be obtained. At least one of the
anneals can advantageously be performed at a temperature
of more than 1000° C. to obtain a high activation ratio of
dopant impurities 2 and of additional dopant impurities 4.

For illustrative purposes, standard furnace annealing at a
temperature comprised between 850 and 1250° C. can be
performed for a duration ranging from a few minutes to a
few hours. Rapid annealing can also be performed in a
temperature range of 850 to 1250° C., or even up to 1600°
C. 1t support 1a 1s made from sapphire. In this case, the
duration of the rapid annealing 1s comprised between a few
seconds and a few minutes. Advantageously, the annealing
or annealings can be performed 1n a controlled atmosphere
containing a gas advantageously chosen from N,, Ar, He,

NF;, O,, or a mixture of N,/O,, N,/H,, Ar/H,.
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The 1nventors observed that heat treatment enables dif-
fusion of the Si-type dopants in the direction of semicon-
ductor material layer 16 to be enhanced. For example, for an
annealing performed 1100° C., the concentration of n-type
dopant impurities 4 1s the larger the longer the heat treatment
period.
Furthermore, the heat treatment enables dopant impurities
2 and additional dopant impurities 4 to be activated. Know-
ing that the atomic radius of silicon atoms is 1.17 A, that that
of gallium atoms is 1.26 A, and that that of magnesium
atoms is 1.36 A, it is advanced that silicon atoms place
themselves more easily 1n a substitutional position 1n semi-
conductor material layer 15 than magnesium atoms. Conse-
quently, the activation ratio of the Si-type impurities 1s
higher than the activation ratio of the Mg-type impurities in
the area covered by mask 3 (cf. FIG. 7).
The mventors observed that the activation ratio of the
n-type dopants (S1 impurities) can reach 100%, whereas the
activation ratio of the p-type dopants (Mg impurities) 1s
comprised between 5 and 30%.
Subsequent to the heat treatment, mask 3 and cap layer 5
can be removed (ci. FIGS. 8 and 9). It 1s possible for
example to use wet etching by means of phosphoric acid for
the cap layer 11 the latter 1s made from AIN or SiNx, and by
means of hydrofluoric acid to perform take-ofl of mask 3 it
1t 1s made from S10x or S1Nx. In alternative manner, take-ofl
of cap layer 5 can be performed by Chemical Mechanical
Planarization (CMP), or any other suitable etching tech-
nique.
Implementation of the method therefore enables a sub-
strate 1 to be fabricated comprising a semiconductor layer
15 that 1s p-doped 1n certain areas and n-doped 1n other areas
(cf. FIG. 10). This method can therefore be used in fabri-
cation of devices requiring p-n junctions, such as Schottky
diodes, in Metal Semiconductor Field Effect Transistors
(MESFET), or High Electron Mobility Transistors (HEMT).
According to an alternative embodiment that 1s not rep-
resented, 1t can be envisaged to perform take-off of mask 3
betore depositing cap layer 5, before the thermal annealing
step 1s performed. This does however limit the concentration
ol n-type dopants 1n semiconductor material layer 15, as a
large quantity of S1™ 1ons diffuse during the thermal anneal-
ng.
According to a third implementation of the method, 1t can
be envisaged to first of all deposit a cap layer 5 covering only
certain areas of substrate 1. Mask 3 can then be deposited on
other arecas of the substrate covering cap layer 3 not. The
thicknesses of cap layer 5 and of mask 3 are judiciously
chosen so as to correctly protect substrate 1. In this way,
when the implantation step 1s performed, the following takes
place:
implantation of dopant impurities 2 in the uncovered areas
of substrate 1,

implantation of dopant impurities 2 and of additional
dopant impurities 4 in the areas of substrate 1 only
covered by mask 3,

no implantation in the areas of substrate 1 covered by cap
layer 5.

This 1mplementation of the method advantageously
enables p-1-n junctions to be achieved in simple and eflicient
mannet.

Finally, 1n a fourth embodiment, 1t 1s possible to perform
the heat treatment step without having previously deposited
a cap layer 5. This can be envisaged 11 the heat treatment 1s
performed by means of standard furnace annealings per-
formed at temperatures of less than 1000° C., 1.e. tempera-
tures where little damage 1s caused to the substrate 1. If the
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heat treatment 1s performed by means of rapid annealings, it
1s possible to 1increase to a temperature of about 1100° C. for
a few seconds.

To form a p-doped area adjacent to an n-doped area 1n a
(GaN-base semiconductor, different implementations of the
method that has been described 1n the foregoing can be

envisaged.

(GalN-base matenial layer 156 can be mitially p-doped. In
this case, the dopant impurities 2 can be electrically neutral
or be p-type dopants. The implantation energy i1s chosen
according to the thickness of mask 3 so that the mean
implantation depth of the dopants 1s located in mask 3. The
role of the dopant impurities 1s then simply to push the 51
atoms from mask 3 into semiconductor layer 1b6. The Si
atoms act as additional dopant impurities 4. In the areas that
are not covered by mask 3, the conductivity type 1s not
modified by the implantation. On the other hand, 1n the areas
covered by mask 3, the conductivity type of semiconductor
15 after heat treatment 1s advantageously n-type to form a
horizontal p-n junction.

If semiconductor layer 15 1s mitially p-doped, dopant
impurities 2 can also be n-type dopants. In this case, mask
3 advantageously covers the whole of substrate 1. Certain
areas ol mask 3 have a higher stopping capacity than other
adjacent areas of mask 3. In this way, 1n the areas where the
stopping capacity 1s high, the dopants do not manage to pass
through mask 3 and semiconductor layer 15 remains
p-doped. In the areas where the stopping capacity of mask
3 1s low, the dopants are able to pass through mask 3, and
semiconductor layer 15 can be n-doped. One way of adjust-
ing the stopping capacity of the mask in certain areas 1s to
vary the thickness of mask 3. In the areas where p-doping 1s
desired, the thickness of mask 3 1s sufliciently large to stop
dopant impurities 2 and to push the S1 atoms over a thickness
such that they are stopped betfore they reached the interface
between mask 3 and semiconductor maternial layer 15. In this
way, implantation of the n-type dopants does not modity the
type of conductivity of GaN-base layer 1n the areas where
p-doping 1s required. In the areas where 1t 1s desired to have
n-doping, mask 3 has a small thickness, and the implantation
energy 1s chosen so as to push the S1 atoms from mask 3 mnto
semiconductor material layer 1b.

If semiconductor material layer 15 1s not mitially doped,
then the dopant impurities 2 are advantageously p-type
dopants, for example Mg™ ions. Substrate 1 1s only covered
by mask 3 1n the areas where n-type doping 1s desired. As for
the other embodiments which have been presented, the
implantation energy of the dopant impurities 1s chosen
according to the thickness of mask 3 so that the mean
implantation depth of dopant impurities 2 1s located 1n mask
3. When mmplantation 1s performed, dopant impurities 2
push the S1 atoms from mask 3 into semiconductor layer 15
in the areas covered by the mask, whereas in the areas that
are not covered, the p-type dopants are implanted directly 1n
semiconductor layer 15. The heat treatment then enables the
dopants to be activated and the n area to be placed at an
equivalent depth to that of the p area in order to obtain the
horizontal p-n junction.

To achieve better control of the implantation depth of
dopant impurities 2 and of additional dopant impurities 4 1n
semiconductor material layer 15, a cap layer 5 can be
deposited before implantation. This thickness enables the
concentration profile of the n and p activated dopants to be
locally controlled so as to obtain an n-doped area adjacent to
a p-doped area, 1.e. a horizontal p-n junction. The material
of cap layer 5 can for example be AIN.
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The table below presents two sets of parameters for which
a horizontal p-n junction can be obtained in a GaN-base
semiconductor layer 15 when the dopants are Mg atoms and
a cap layer 5 made from AIN or AlGaN 1s deposited belore
the implantation step of dopant impurities 2 i1s performed.

Case no 1 Case no 2
Mask thickness [nm] 5-10 50-100
Concentration of S1 atoms at a depth R, 102°-10°} 5.10%8-5.101°
[at/cm” ]
Cap layer thickness [nm] 30-150 150-250
Diffusion depth of the S1 atoms 1n the 30-130 150-250
GaN [nm]
Implantation depth of the Mg atoms in 30-150 150-250
the GaN [nm]
Implantation energy of the Mg atoms 30-100 100-250
[keV]

The thicknesses of mask 3 and of cap layer 3 are chosen
according to the implantation depth of the Mg atoms and the
diffusion depth of the S1 atoms in semiconductor layer 15.
The implantation energy of the Mg atoms 1s determined such
that the mean 1mplantation depth 1s located in mask 3, in
proximity to the interface with substrate 1.

These sets of parameters are naturally not exhaustive.
Other sets of parameters enable equivalent results to be
obtained, 1.e. creation of an n-doped area adjacent to a
p-doped area.

The mnvention claimed 1s:

1. A method for doping a semiconductor GaN-base to
fabricate a p-n junction, comprising the following steps:

providing a substrate comprising a GaN-base semicon-

ductor matenial layer covered by a silicon-base mask,
implanting dopant impurities in the mask so as to transfer
additional dopant impurities of S1 type by diffusion
from the mask to the GalN-base semiconductor material
layer to form an n-type area adjacent to a p-type area,
performing thermal annealing configured to activate the
dopant impurities and the additional dopant impurities.

2. The method for doping a semiconductor according to
claim 1, wherein the mask partially covers the substrate so
as to define an area covered by the mask and an uncovered
area.

3. The method for doping a semiconductor according to
claim 1, wherein the dopant impurities are of p-type.

4. The method for doping a semiconductor according to
claim 1, wherein the mean implantation depth of the dopant
impurities 1s located at a distance at least equal to 300 nm
from the interface between the mask and the semiconductor
material layer so as to incorporate additional dopant impu-
rities 1n the semiconductor material layer.

5. The method for doping a semiconductor according to
claam 1, comprising a deposition step of a cap layer per-
formed before the heat treatment step.

6. The method for doping a semiconductor according to
claiam 5, wherein the deposition step of the cap layer is
performed before the implantation step of the dopant impu-
rities.

7. The method for doping a semiconductor according to
claim 5, wherein deposition of the cap layer 1s performed
alter the implantation step of the dopant impurities and of
the additional dopant impurities.

8. The method for doping a semiconductor according to
claim 5, wherein the material of the cap layer 1s chosen from
aluminium oxide, aluminium nitride, silicon oxide, or sili-
con nitride of SixNy type, amorphous silicon and com-
pounds of HISixOy type.
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9. The method for doping a semiconductor according to
claiam S, comprising a take-ofl step of the cap layer by
ctching after the heat treatment.

10. The method for doping a semiconductor according to
claam 1, wherein the mmplantation step 1s performed at a 5
temperature comprised between 15 and 700° C.

11. The method for doping a semiconductor according to
claim 1, wherein the heat treatment step 1s a combination of
at least two anneals of different durations and temperatures.

12. The method for doping a semiconductor according to 10
claim 11, wherein at least one of the anneals 1s performed at
a temperature ol more 1000° C.

13. The method for doping a semiconductor according to
claim 1, wherein the thickness of the mask 1s comprised
between 2 and 400 nm. 15

14. The method for doping a semiconductor according to
claim 1, wherein the thickness of the semiconductor material
layer 1s comprised between 5 nm and 10 um.

G e x Gx ex
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